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In spite of the increasing trend of magnesium (Mg) application over the last decade, numerous 
technical restrictions still limit Mg alloy’s extensive implementation in industry. For instance, 
many mechanical behaviors of Mg alloys are still unknown, which make them risky options for 
manufacturers who prefer to be well-informed about raw materials’ characteristics so as to 
maximize their product reliability. Therefore, a comprehensive characterization in conjunction 
with life assessment via empirical models is needed to expand these alloys’ application. A 
literature review has revealed the potential of energy-based models to be employed in strain- and 
stress-controlled modeling of wrought alloys. However, to the best of the author’s knowledge, no 
study is available yet on the anisotropic fatigue behavior and modeling of smooth and notched 
ZK60 extrusion, which is the focal point of this research. 
The quasi-static and strain-controlled fatigue characteristics of ZK60 extrusion have been 
investigated along three different directions: the extrusion direction (ED), the radial direction 
(RD), and 45° to the extrusion direction (45°). The quasi-static response showed symmetric 
behavior for the samples tested along RD and 45°, whereas ED samples manifested completely 
asymmetric behavior. Although the ED samples exhibited longer fatigue lives than the RD and 
45° in the high cycle fatigue, the fatigue lives in the low cycle fatigue regime were similar. 
Microstructural analysis revealed finer grains for ED, thereby higher strength for this direction. 
Moreover, the texture measurement indicated a sharp basal texture justifying asymmetric behavior 
solely along the ED direction. Higher tensile mean stress and less dissipated plastic energy per 
cycle for the ED samples, acting as two competing factors, were the principal reasons for showing 
identical fatigue responses to those of RD and 45° in the low cycle fatigue regime. The fracture 
surface in the ED direction was dominated by twin lamellae and profuse twined grains, whereas 
slip bands were dominant on the fracture surface in RD direction. Smith-Watson-Topper, as a 
critical-plane strain-based criterion, and Jahed-Varvani (JV), as an energy-based damage criterion, 
were employed to predict the strain-controlled fatigue lives along all directions using a single set 
of material parameters. 
Fully reversed stress-control condition was also investigated over a wide range of stress 
amplitudes along two different material directions: ED and RD. The in-plane random texture along 
RD promotes activation of twinning/detwinning deformations in both tension and compression 
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reversals, which brings about a sigmoidal but near-symmetric shape for hysteresis loops along this 
direction. The stress-strain response along ED is asymmetric in tension and compression reversals 
if subjected to high-stress amplitudes. The asymmetry is attributed to different deformation 
mechanisms being active in the tension and compression reversals. Overall, loading along ED 
yields superior fatigue performance compared to RD. One set of JV coefficients extracted from 
the strain-controlled tests was employed and successfully modeled the anisotropic stress-control 
fatigue response of the material. 
The effect of a material’s orientation on the fatigue response of notched ZK60 extrusion was 
investigated via fully reversed stress-controlled experiments in ED and RD. The anisotropy 
observed in the stress-life curves of the notched ED and RD samples resembles the stress-
controlled fatigue performance of the smooth samples. This observation is attributed to the higher 
strength of ED specimens, which imposes less plastic-induced-damage in the stress-controlled 
fatigue experiments. The ED specimens exhibit not only superior fatigue performance but also 
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Light-weighting is one of the pivotal steps toward fuel consumption reduction in vehicles and 
consequent environmental preservation. Magnesium (Mg) alloys, as the lightest engineering metal, 
could contribute to this process. However, they must first be well characterized in order to 
elucidate their properties for the transportation industry [1]. The present study is concerned with 
the effect of loading direction on the fatigue behavior of notched ZK60 extrusion as a wrought Mg 
alloy. This chapter introduces this thesis in three sections: research motivations, objectives, and 





Environmental concerns, as well as economic considerations, have shaped car manufacturers’ 
strategies toward cutting fuel consumption in vehicles. Reducing weight by adopting lightweight 
materials such as Mg alloys has been a key approach to achieving this goal [1]. In spite of the very 
low density (1.8 g/cm3) that makes Mg the lightest structural metal, its applications have been 
limited. One challenge ahead of applying Mg alloys in load-critical components is their complex 
mechanical behavior, which arises from their crystallographic structure. This complexity is more 
pronounced in textured wrought alloys than in cast alloys, and results in intricate fatigue analysis 
[2].  
Mg was first adopted in the automotive industry by Volkswagen in its Beetle model [1]. High 
interest in light-weighting, owing to governments’ environmental aid policies, increased the Mg 
average usage per car from 3 kg in 2005 to 20 kg in 2010 [3]. However, in spite of the current wide 
implementation of Mg alloys in many non-structural automotive components such as trim parts 
and casings, their application in load-bearing sections is still limited [4]. To expand their 
application to these sections, it is of key importance to investigate Mg alloys’ behavior under both 
static and cyclic loadings. The wrought alloys are better candidates for load-bearing components, 
having greater strength than cast alloys.  
Notches are inevitable in many components and structures due to design limitations. In 
addition, they are the locations for stress concentration and are susceptible to fatigue failure. As a 
result, understanding the fatigue behavior at a notch is of key importance. This need justifies the 
proposed research, aimed to analyze the notch effects on the anisotropic fatigue response of ZK60 
extrusion as a high-strength wrought Mg alloy. 
1.2 Objectives  
This thesis is motivated by two main objectives.  
1.2.1 To Characterize the Effects of Loading Direction (Anisotropy) on Fatigue 
Behavior of Smooth and Notched Members 
The induced strong texture in wrought Mg alloys results in anisotropic mechanical properties 
(dissimilar behavior in different material orientations). In addition to that, notches affect the life 
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of load bearing members significantly, according to the fact that they locally boost the strain/stress. 
As a result, anisotropy and notch effect are two crucial factors in the fatigue analysis of Mg notched 
members.  
Despite the importance of life correlation in Mg alloys as a promising candidate for their 
extensive application in many industries, limited research has been conducted on characterizing 
their fatigue damage mechanisms. This lack of knowledge is even more pronounced when it comes 
to loading direction (anisotropy) and notch-effect considerations. A better understanding of active 
fatigue mechanisms contributes to selecting appropriate damage parameters in the next objective. 
Designing and performing direction-based experiments on smooth and notched samples are crucial 
steps in meeting this first objective. 
1.2.2 To Propose an Anisotropic Fatigue Life Criterion for ZK60 Extrusion 
under both Stress- and Strain-controlled Conditions 
Numerous fatigue damage criteria have been developed in the past three decades. However, 
only a limited number of them are capable of taking into account both anisotropy and asymmetry 
(dissimilar behavior under tension and compression), two main characteristics of wrought Mg 
alloys that complicate their fatigue analysis. In addition to such intricacies, the load controlling 
parameters in the cyclic tests, i.e. stress or strain, could crucially alter the material’s fatigue 
response. Controlling strain induces mean stress in the stress-strain hysteresis loops, whereas 
controlling stress tests may impose ratcheting mean strain.  
The final and main objective of this research is to propose an applicable fatigue life criterion 
for ZK60 extrusion alloy regardless of both the load controlling parameters and the material’s 
direction. 
1.3 Thesis Layout 
In accordance with the aforementioned research objectives, this thesis incorporates two main 
investigations on ZK60 extrusion; characterization and fatigue modeling. The organization of the 
thesis is as follows: 
Chapter 2 provides brief background information on Mg, in particular, wrought alloys, their 
crystallographic structure, and mechanical characteristics. To furnish pertinent modeling in the 
following chapters, the fatigue models are categorized and the employed ones are meticulously 
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introduced. Eventually, a review of the available studies on fatigue of smooth and notched wrought 
Mg alloys, in particular ZK60 extrusion, is followed by divulging the gap in the literature at the 
end of this chapter. 
Chapter 3 begins with the microscopic characterization of ZK60 extrusion. The cyclic 
behavior of the material, including its strain-life and stabilized strain-stress response together with 
the fractographic observations, are presented and rigorously discussed along three different 
material’s directions. Finally, the merits of two common fatigue models are assessed based on their 
capability of mimicking experimental data. 
Chapter 4 focuses on the fatigue behavior characterization of the material under stress-
controlled condition in two perpendicular directions. Special attention is given to a detailed 
explanation of the observed anisotropy and asymmetry. Jahed-Varvani, as an energy-based model, 
will be calibrated first, using strain-controlled experiments. Lastly, the merit of the model is 
scrutinized by using the same set of the material parameters to predict the fatigue life for stress-
controlled tests. 
Chapter 5 covers the influence of notch presence on the anisotropic fatigue response of the 
material. The fatigue stress concentration factor, as well as notch sensitivity, is quantified over 
lifetime. The probable sources of the observed disimilarity in the notch sensitivity along two 
material orientations are discussed. 
Ultimately, Chapter 6 outlines the concluding remarks and comments on the prospects for the 












Chapter 2 : Background and Literature Review 
 
 




This chapter starts with background information on Mg in terms of its 
crystallographic structure and unique mechanical characteristics. Then, the two fatigue 
models employed in this study are explained in detail. In order to statistically quantify 
fatigue strength, the staircase method is described next. Stress concentration and notch 
sensitivity, two terms generally used in notch study, are lastly elaborated on in the 
background section. The chapter concludes with highlights of relevant research and the 






The profound impact of the automotive industries on greenhouse gas emission and global 
warming has led them to the light-weighting of their products [1]. Mg alloys with roughly 35% 
and 75% less density than aluminum and steel, respectively are the lightest available structural 
metals. This low density and high specific strength of the Mg alloys have made them highly 
attractive for the transportation industries. In addition to low density, they offer excellent 
machinability and very good die-castability [2]. These alloys are classified into wrought and 
casting types. The former is worked to shape, e.g. through extrusion, rolling, forging processes, 
and performs better than the latter under monotonic and cyclic loadings. The enhanced behavior 
in wrought alloys is due to the absence of detrimental defects such as inclusion and porosity that 
are formed during the cast alloy solidification. 
The hexagonal close pack (HCP) lattice structure of Mg makes a noteworthy difference 
between Mg and other conventional alloys in term of deformation mechanisms. The low 
availability of deformation systems with HCP structure results in poor formability of Mg alloys at 
room temperature. Whereas dislocation slip is the only plastic deformation mechanism for many 
engineering alloys, the limited number of slip systems enforces twinning activation in Mg alloys. 
Figure 2-1 illustrates the predominant slip and twin planes in Mg alloys. 
 
Figure 2-1. Potential slip and twin systems in Mg alloys [5] 
Asymmetry (dissimilar behavior under tension and compression) and anisotropy (dissimilar 
behavior in different material orientations) are the two main mechanical characteristics of wrought 
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Mg alloys. Activation of {101̅2} extension-twinning deformation mechanism when the external 
load provokes tension along the c-axis in HCP crystals along one direction and slip-dominant 
deformation in the reverse direction distorts the loading-unloading curve, a behavior known as 
asymmetry [6]. The yield asymmetry in Mg alloys is distinct from previously reported hydrostatic 
pressure dependent strength-differential effect seen in high strength steel [7]. Forming processes 
such as rolling or extrusion render the c-axis perpendicular to the forming direction, bringing about 
an intensive basal texture, and eventually causing anisotropy in wrought Mg alloys [8].  
Alloying elements can affect the Mg properties proportional to the amount of added 
constituent. According to ASTM codification, ZK60 is produced by adding Zink and Zirconium, 
as alloying ingredients to Mg. Zink improves the room-temperature strength, and when combined 
with Zirconium, the mixture potentially refines the grains and makes the alloy participation-
hardenable. Zink also suppresses the corrosive, undesirable effects of nickel and iron impurities. 
2.1.2 Fatigue Models 
2.1.2.1 Smith-Watson-Topper 
Smith–Watson–Topper (SWT) was introduced as a critical plane approach for modeling 
material in which fatigue cracks are initiated and grew predominantly under tensile loading [9]. 
The SWT parameter was founded on the principal strain range and maximum stress on the 




 Eq. 2-1 
This parameter was originally suggested to account for the mean stress effect and has been 
extensively employed in many efforts to estimate the fatigue life of Mg alloys [10–15]. Although 
the SWT parameter was defined the same in all those studies, its correlation with fatigue life was 
made differently. In the present study, the correlation is formulated by integrating SWT with the 











 Eq. 2-2 
where: 
𝜎′𝑓: Fatigue strength coefficient  
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𝜀′𝑓: Fatigue toughness coefficient  
𝑏: Fatigue strength exponent 
𝑐: Fatigue toughness exponent 
and E is the modulus of elasticity and 2Nf  is the number of reversals to failure. Other components 
on the right side of the equation are based on the Coffin-Manson approximation and will be 
extracted by employing strain-life and hysteresis curves. In this approach, the strain range is 
decomposed into elastic and plastic parts (∆𝜀𝑒 and ∆𝜀𝑝), which are calculated from the stabilized 













 Eq. 2-4 
2.1.2.2 Jahed-Varvani 
Energy-based fatigue models, owing to the scalar nature of energy, are promising candidates 
for describing the fatigue behavior of wrought Mg alloys exhibiting asymmetric and anisotropic 
characteristics [12,14–16]. By incorporating energy-based fatigue properties, Jahed and Varvani 
[17] defined a damage parameter similar to that in Ellyin's total strain energy model [18]: 
∆𝐸 = ∆𝐸𝑒
+ + ∆𝐸𝑝 Eq. 2-5 
Where ∆𝐸𝑒
+ and ∆𝐸𝑝 are elastic strain energy density (ESED) and plastic strain energy density 
(PSED), respectively. ∆𝐸 is TSED and is considered as the Jahed-Varvani (JV) damage parameter. 
PSED is essentially the area inside the hysteresis loop, and ESED is calculated from 𝜎𝑚𝑎𝑥
2 2𝐸⁄ , in 
which E and 𝜎𝑚𝑎𝑥  are the Young’s modulus and maximum stress, respectively. Figure 2-2 
schematically illustrates the JV damage parameter’s components. The elastic and plastic energy 
values are extracted from the half-life hysteresis loops. The life correlation of the JV model is 







 Eq. 2-6 
where 
𝐸𝑒




′ : Fatigue toughness coefficient 
𝐵: Fatigue strength exponent 
𝐶: Fatigue toughness exponent 
are the material constants. The coefficients 𝐸𝑒
′  and 𝐵 are obtained by fitting a power curve into the 
experimental ESED, ∆𝐸𝑒
+, and the coefficients 𝐸𝑓
′  and 𝐶 are found from the experimental PSED, 
∆𝐸𝑝. This model has been extensively in modeling fatigue behavior different alloys including Mg 
alloys [15,19–27]; however, its capability to capture anisotropy on ZK60 has not been studied. 
 
Figure 2-2. Illustration of elastic and plastic strain energy densities for JV model 
2.1.3 Staircase Method 
The Scattered distribution of fatigue data-points, specifically in the high cycle regime, entails 
a statistical procedure for fatigue strength calculation at a given life. To that intent, the 
International Organization for Standardization (ISO) has proposed staircase estimation [28]. A 
method originally introduced by Dixon and Mode [29] to deal with dosage/mortality sensitivity 
analysis.  
A rough mean and standard deviation (SD) approximation of the fatigue strength is a requisite 
for the staircase method. The method starts with testing the sample at the first stress level (S0), 
preferably close to the estimated fatigue strength of the material at the intended cycle. Based on 












or decrementing the stress by a specified amount, referred to the stress-step (d). The stress-step 
should be taken as close to the SD as possible. In the case of SD unavailability, 5% of the mean 
fatigue strength estimation can be employed as the stress-step. The process will be continued 
sequentially until all the samples are tested in the explained manner. Finally, the mean and SD of 
the survived population will be calculated and reported as the fatigue strength of the material and 
its variation, respectively. 
2.1.4 Stress Concentration 
Notches cause confined stress and strain concentrations. The theoretical stress concentration 
factor, Kt, is defined as follows to measure the level of this localized concentration within the 







 Eq. 2-7 
Where: 
𝜎𝑟, 𝜀𝑟 : The notch root stress and strain, respectively 
𝜎𝑛, 𝜀𝑛 : The nominal stress and strain at the net section, respectively 
Kt is a function of both the geometry and mode of loading and plays a key role in the fatigue 
assessment of notched members, though its applicability is restricted to the linear elastic 
deformation state. The notched members are usually loaded high enough that the calculated stress 
from Eq. 2-7 exceeds the yield strength, and plastic deformation occurs consequently. In fact, the 
local stress may not follow Hooke’s law and so becomes disproportionate to the local strain. In the 










where 𝐾𝜎 and 𝐾𝜀 are the stress and strain concentration factors, respectively. The variation in these 
factors is illustrated schematically versus notch stress in Figure 2-3. The elastoplastic stress and 
strain of notched members can be assessed by experimental, analytical or numerical approaches 
[30]. It should be noted that in the present study, the (net) nominal stress, 𝜎𝑛, (remote load divided 





Figure 2-3. Schematic presentation of the changes in stress and strain concentration by increasing 
the stress at the notch [30] 
2.1.5 Notch Sensitivity 
According to the above definition for stress concentration factor, it might be expected that the 
net fatigue strength of a notched component would be predicted by dividing the fatigue strength 
of smooth specimens by Kt. However, under cyclic loading, many materials are not fully sensitive 
to stress concentration, and therefore a reduced Kt is warranted for calculating the fatigue life of 
notched members [30]. The ratio of the smooth specimen’s fatigue strength to the notched one is 
commonly referred to as the fatigue stress concentration factor (Kf): 
𝐾𝑓 =
𝐹𝑎𝑡𝑖𝑔𝑢𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑎 𝑠𝑚𝑜𝑜𝑡ℎ 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛
𝐹𝑎𝑖𝑡𝑔𝑢𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑎 𝑛𝑜𝑡𝑐ℎ𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛
 
Eq. 2-10 






When q = 0, the material’s fatigue strength is not sensitive to the notch, whereas, for q = 1, 





2.2 Literature Review 
2.2.1 Fatigue Behavior of Mg Alloys 
Asymmetry and anisotropy have been extensively reported and discussed in the literature on 
wrought Mg alloys under cyclic loading. Numerous studies have presented such a behavior under 
strain-control fatigue tests, covering a wide range of wrought Mg alloys, including AM30 [12,31–
36], AM50 [37], AZ31 [13,16,45,46,27,38–44], AZ61 [47], AZ80 [22,24,48,49], AZ91 [50], 
ZA81 [51], and ZK60 [52–55]. However, fewer studies have inquired into the anisotropy and 
asymmetry in the stress-controlled fatigue behavior of wrought Mg alloys [16,37,39,50,56–59]. 
Park et al. [16] reported that rotating loading direction from the rolling direction toward the normal 
to the rolled plane (ND), reduces the fatigue strength of wrought AZ31 significantly (Figure 2-4). 
This behavior has been attributed to the greater degree plastic-strain induced damage in ND, 
arising from the reduced twinning stress of ND specimens under tension. Zhang et al. [58] 
conclusively showed that the cyclic softening-to-hardening transition observed in hot-rolled 
AZ31B is insensitive to both specimen orientation and rolling percent-reduction. The anisotropic 
fatigue behavior of ZK60 extrusion under the stress-controlled condition is unprecedented. 
 
Figure 2-4. Fatigue behavior of Rolled AZ31 along two directions under controlled stress [16] 
Anisotropy in Mg alloys can affect the fatigue strength differently in the high-cycle fatigue 
(HCF) and low-cycle fatigue (LCF) regimes. Sajuri et al. [60] reported that the HCF strength of 
AZ61 extrusion along the extrusion direction (ED) in stress-controlled experiments is higher than 
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that in the transverse direction (TD) and 45° to the ED, as depicted in Figure 2-5. The same 
characteristic was observed under controlled strain by Jordon et al. [31] for AM30 extrusion in the 
HCF regime, even though for LCF, loading along ED yields lower life to failure than along TD. 
Roostaei and Jahed [12] investigated the effect of loading direction on the LCF fatigue 
characteristics of AM30 extrusion. They reported that TD specimens failed in higher lives when 
identical strain amplitude is applied to both TD and ED specimens. In contrast, Wang et al. [51] 
found the opposite while testing ED against TD samples under the strain-control state for ZA81M 
extrusion, a result they attributed to strengthened twinning deformation as well as to the higher 
detrimental tensile mean stresses in TD (Figure 2-6). 
 
Figure 2-5. S–N curves of AZ61 extrusion in three different directions [60]  
  
Figure 2-6. Contradictory behavior of ED and TD samples in two different wrought Mg alloys: a) 











 Xiong and Jiang [48], while experimentally scrutinizing the LCF behavior of AZ80 rolled in 
four different orientations found that deformation mechanism alteration at a certain strain level 
affects the material’s fatigue resistance with respect to the loading direction. The AZ80 samples 
in the rolling direction (RD) have the longest life of all other directions for strain amplitudes of 
less than 0.4%, but increasing the strain to higher values causes the 30° and 60° inclined samples 
with respect to the rolled plane to exhibit higher fatigue strength. (Figure 2-7).  
 
 
Figure 2-7. b) Schematic illustration of specimens at different orientations; a) Strain-life curve for 
AZ80 [48] 
ZK60, the material which is focused on in this thesis, exhibits exceptional strength and 
ductility due to its alloying elements [61]. However, despite these characteristics, only limited 
studies have investigated its fatigue characteristics in extrusion form. Xiong et al. [10,62] and Q. 
Yu et al. [11] have studied LCF and cyclic plastic deformation, and Wu et al. [6] explored 
twinning–detwinning behavior of ZK60 extrusion along the ED. These studies reported asymmetry 
in both the quasi-static behavior and the cyclic hysteresis loops. In another recent study by Xiong 
et al. [63], characterizing ZK60 under monotonic loading along ED and TD revealed intensive 
anisotropy in the stress-strain response of the material. The reviewed literature discloses a lack of 






2.2.2 Fatigue Models of Mg Alloys 
Stress, strain, energy, and fracture mechanics are four principal approaches to modeling the 
fatigue behavior of metals. The fully reversed stress-control behavior has been appropriately 
expressed using a stress-based fatigue model proposed by Basquin [64]. Later, the Coffin-Manson 
strain-based relation quantified the strain-life curve in low-cycle (LCF) and high-cycle fatigue 
(HCF) regimes [65]. Plastic strain energy density (PSED) accumulated in the stabilized stress-
strain hysteresis loops was used by Garud [66] and Lefebvre et al. [67] as an energy-based damage 
criterion. Ellyin [18,68] combined PSED with elastic strain energy density (ESED), suggesting the 
concept of total strain energy density (TSED) to take into account the mean stress effect. Paris and 
Erdogan [69] incorporated the concepts of fracture mechanics into Paris’ fatigue crack growth law 
for the subcritical crack propagation region.  
The above-mentioned approaches have been adopted to predict the fatigue life of wrought Mg 
alloys under stress-controlled condition [50,59,70–74]. A study by Ishihara et al. [73] on AZ31 
extrusion under different cyclic load ratios demonstrated that the Greber’s model performance was 
superior to that of the modified Goodman model in predicting the fatigue life of stress-controlled 
experiments. Hasegawa et al. [74] added a correction term to the Coffin-Manson equation in order 
to improve its accuracy for the life prediction of AZ31 extrusion. The new model provided reliable 
predictions under the stress-control condition, while the life was over-estimated for the strain-
controlled tests, exhibiting retained asymmetry in the stress-strain response of the material. The 
inability of the Smith [75], Smith–Watson–Topper [9], and Paul–Sivaprasad–Dhar [76] models to 
predict the fatigue life of rolled AZ91 in rolling and transverse directions led to the proposal of a 
modification of Basquin’s equation[50]. It accounted for the mean stress effect by introducing a 
new definition for fatigue strength coefficient (𝜎′𝑓) and fatigue strength exponent (b). Shiozawa et 
al. [70] applied different models to predicted the fatigue life of AZ31, AZ61, and AZ80 extruded 
alloys under both strain- and stress-controlled experiments. They found that TSED, as a fatigue 
damage parameter, was superior compared to the plastic strain range and PSED. Park et al. [72] 
showed that Ellyin’s criterion provides reliable predictions for different strain and stress ratios. 
Chen et al. [77] revised the conventional definition of ESED in the Ellyin’s model in an attempt 
to enhance the life prediction accuracy of AZ31B extrusion in a corrosive environment with mean 
stress. For this purpose, they incorporated both the positive and negative elastic energy densities 
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into the ESED. Dallmeier et al. [37] weighted the elastic portion of the strain energy to capture the 
mean stress sensitivity of strain-life and stress-life curves for twin roll cast AM50 in two directions. 
They identified compressive yield stress (CYS) as a reference limit, beyond which twinning was 
significantly activated followed by distinct hardening and pronounced increase in the area 
surrounded by stress-strain hysteresis loops, representing PSED. 
Among the different approaches applicable to explaining the fatigue behavior of wrought Mg 
alloys, the energy approach possesses great potential to describe the damage in different material 
orientations using a scalar quantity as a damage parameter, i.e., the strain energy density. Energy-
based models are commonly differentiated by the definition of ESED and the mathematical 
expression that correlates the damage parameter to the fatigue life [68].  
Jahed and Varvani introduced a fatigue model (JV) based on the governing crack nucleation 
and propagation mechanisms, along with the plastic energy accumulated by cyclic deformation 
[17]. In order to extend the original model’s applicability to handle non-proportional loading, the 
incremental cyclic plasticity of Garud was embedded into the strain energy calculation [78]. While 
examining the role of the load path sensitivity [79], this extended model showed promising life 
estimation for AZ31B under proportional and non-proportional loading, as shown in Figure 2-8, 
in a research by Albinmousa and Jahed [42].  
 
Figure 2-8. JV promising capability in the life prediction of multiaxial tests on rolled AZ31 under 
proportional and non-proportional loadings [42] 
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The JV model has been successfully employed for fatigue life correlation of Mg alloys in 
several studies [15,21,24]. Roostaei and Jahed showed that Smith-Watson-Topper (SWT) and 
Jahed-Varvani JV parameters yield acceptable life prediction for AM30 extrusion along the 
different loading directions [12]. The prediction was made by a single set of material parameter 
extracted in one specific direction to assess the model’s insensitivity to the loading direction 
(Figure 2-9). The conducted literature review divulged that the ability of energy-based models to 
correlate fatigue life, independent of test controlling parameter, i.e., stress or strain, remains 
unknown for Mg alloys.  
 
 
Figure 2-9. Life prediction of AM30 extrusion by: a) JV and b) SWT [12,31,80,81] 
2.2.3 Notch Effects on the Fatigue of Mg Alloys 
The early investigation on notch sensitivity of Mg alloys goes back to decades ago when 
Found reported the notch sensitivity of some commercial Mg alloys, including AZ31, AZ61, and 
AZ80 extrusion [82]. His experiments incorporate cyclic rotary-bending, plate-bending, and axial 
loading. Sonsino and Dieterich [83] quantified the notch sensitivity of AZ91 HP, AM50 HP, and 
AM20 HP cast alloys while looking into their fatigue design characteristics under both constant 
and variable amplitude loadings. The higher notch sensitivity of the investigated Mg alloys in 













Figure 2-10. Kf correlation with Kt for different Mg, aluminum, and steel alloys [83] 
Kf value is expected to fall within 1 and Kt. However, the way it changes in relation to Kt is 
noteworthy. This correlation is illustrated in Figure 2-11 for cast AM60, where the slight difference 
between Kt and Kf by increasing Kt tends to exceedingly elevate at higher Kt values [84]. Zhang 
et al. [85] reported the notch sensitivity of wrought AZ80 to be about 100% at 107 cycles by 
comparing the stress-life curves of smooth and notched specimens (Figure 2-12). The result is in 
agreement with those obtained by Kuester [86] and Wollmann [87]. 
 
Figure 2-11. Kf vs. Kt for AM60 cast and AMX602B Mg alloys and comparison with SUS304 and 





Figure 2-12. Stress–life curves of AZ80 for notched and un-notched specimens: a) nominal stress 
and b) elastic notch root stress [85] 
Denk et al. [88] scrutinized the quasi-static and fatigue characteristics of notched roll-cast 
AM50 at four different stress concentration factors, with distinctive consideration of the bands of 
twinned grains (BTGs) formation. The basal texture of rolled AM50 facilitates the twinning 
activation in compressive reversals. As a consequence, in the low cycle fatigue regime where the 
twinning/detwinning is the prominent deformation mechanism, the superficial wedge-shape BTGs 
are formed adjacent to the notch (Figure 2-13). 
 
Figure 2-13. BTGs formation in the vicinity of the notch root due to high compressive loading: a), 




BTGs locally and excessively boost the strain and impose an advantageous compressive 
residual stress/strain in the next tensile loading, as shown in Figure 2-14. Thus, BTGs formation 
in LCF diminishes notch sensitivity significantly. Nevertheless, AM50 remains highly notch-
sensitive in the HCF regime, due mainly to the BTG absence (Figure 2-15) 
 
Figure 2-14. Strain distribution near the notch showing the localized negative strain in compressive 
loading and the consequent residual strain in the next tensile loading [88] 
 
Figure 2-15. Notch sensitivity evolution as the function of cycles to failure for AM30 [88] 
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Post-manufacturing treatments, such as heat treatment or shot-peening, may alter the notch 
sensitivity of Mg alloys. Liu et al. [89] compared the notch sensitivity of hot-extruded ZK60 Mg 
alloy against its T5 aging treated alloy (ZK60-T5) along the extrusion direction. They showed that 
T5 treatment brings about 6.8% and 6.2% higher notch sensitivity for Kt=2.3 and 2.7, respectively 
(Table 2-1). The improved fatigue properties of T5 treatment over the as-received condition for 
both notched and un-notched specimens of ZK60 are shown in Figure 2-16. Unfortunately, all of 
the studies on the notched wrought Mg alloys have been limited to the forming direction, which 
highlights the lack of understanding on the anisotropic notch sensitivity of these alloys. 
Table 2-1. Notch sensitivity of ZK60 and ZK60-T5 [89] 
Alloy Kt Fatigue strength (MPa) q (%) 
ZK60 
1 140 NA 
2.3 150 88 
2.7 160 80 
ZK60-T5 
1 150 NA 
2.3 155 94 




Figure 2-16. Stress–Life curves for ZK60 (top) and ZK60-T5 (bottom) for un-notched and notched 





In spite of the increasing trend of Mg application over the last decade, numerous technical 
restrictions still limit Mg alloy’s extensive implementation in industry. For instance, many 
mechanical behaviors of Mg alloys are still unknown, which make them risky options for 
manufacturers who prefer to be well-informed about raw materials’ characteristics so as to 
maximize their product reliability. Therefore, life assessment of Mg components via empirical 
models is needed to expand these alloys’ application. The literature review has revealed the 
potential of energy-based models to be employed in strain- and stress-controlled modeling of 
wrought alloys. To the best of the author’s knowledge, no study is available yet on anisotropic 

















Chapter 3 : Quasi-static and Cyclic Strain-control Behavior 
 
 





This investigation begins with the microscopic characterization of ZK60 extrusion. The cyclic 
behavior of the material, including its strain-life and stabilized strain-stress response together with 
the fractographic observations, will be presented and rigorously discussed along three different 
directions; namely, ED, RD, and 45° to ED (45°). Finally, the merits of SWT as a critical plane 





3.1 Material and Specimens 
The material investigated in this study, ZK60A Mg alloy in the form of an extruded cylindrical 
billet with a 127mm diameter, has the chemical composition of Zn 5.5%, Zr 0.71%, other 0.3%, 
and the balanced weight percent of Mg. The static and fatigue specimens' geometry is depicted in 
Figure 3-1 (a) and (b). In order to investigate the anisotropy effect of loading directions, specimens 
were extracted along three distinctive directions, labeled ED, RD, and 45°, such that gage sections 
were located at the same radius for all samples. The reference cylindrical coordinate system for 
specimen extraction relative to the extruded billet is illustrated in Figure 3-2, where ED, TD, and 
RD denote the extrusion, tangential and radial directions, respectively.  
 
 
Figure 3-1. a) Static tension and fatigue tests specimens’ geometry; b) Static compression tests 
specimen geometry 
 






3.2 Experimental Procedures 
For microstructural observation, samples were prepared through the following standard 
metallographic procedure. First, they were ground using silicon carbide papers with grit No. up to 
1200 and polished sequentially with 6, 3, 1 and 0.1 micron diamond pastes. In order to reveal the 
grain/twin boundaries, etchant made of 4.2 g picric acid, 70 ml ethanol, 10 ml acetic acid, and 10 
ml distilled water was applied to the sample surface. 
The crystallographic texture was characterized by means of X-ray diffraction employing 
Bruker D8 Discover X-ray diffractometer equipped with advanced 2D-detector. The 
characterization started with incomplete pole figures measurement in the back-reflection mode 
applying CuKα radiation at 40 kV-40 mA. The complete pole figures were calculated from 
incomplete pole figure using DIFFRAC.texture software. 
Quasi-static tests were conducted on Instron 8872 servo-hydraulic axial test frame with 25kN 
load capacity at the ambient temperature. Dog-bone and cuboid samples were used for the static 
tension and static compression tests, respectively. In these tests, displacement was controlled in 
order to maintain the strain rate at 0.015 mm/mm/min in accordance with ASTM E8 [90], while 
the strain was measured using digital image correlation (DIC) technique.  
Fully reversed strain-controlled fatigue tests were performed on the same Instron test frame. 
These tests were conducted at different strain amplitudes, (R=-1) ranging from 0.2 to 2 %, with at 
least two trials at each amplitude. The test frequency was selected based on the applied strain 
amplitude, varying from 0.1 Hz to 10 Hz, to guarantee precise control of the sinusoidal waveform 
of the strain. The strain was measured by Instron extensometer with 10 mm gauge length and ±1 
mm travel. The fatigue failure was set at 50% drop in the peak tensile force of the stabilized cycle 
or the final fracture and the test is considered run-out if the sample survives for more than 1 million 






3.3.1 Microstructure Analysis 
The microstructural examination of ZK60 extrusion, shown in Figure 3-3, disclosed the twin-
free bimodal grains, i.e., sizable elongated and small equiaxed grains. Similar microstructural 
characteristics have been reported for this material  [11,52].  
  
Figure 3-3. Typical microstructure of ZK60 extrusion; (a) TD-RD plane and (b) RD-ED plane 
The pole figures, plotted for both RD-TD and ED-RD planes in Figure 3-4, revealed that the 
majority of the c-axes are oriented approximately perpendicular to the ED, but not necessarily 
parallel to the RD or TD. The crystallographic orientation matches those observed in earlier studies 
on ZK60 extrusion [52,63]. This can favor {101̅2} extension twinning under compression loading 
in ED samples [6,63]. The effect of this texture on quasi-static and cyclic behaviors will be 














Figure 3-4. (0002) and (101 ̅0) pole figures of ZK60 extrusion obtained from; (a) TD-RD plane and 
(b) ED-RD plane 
3.3.2 Quasi-static Tension and Compression Behavior 
Figure 3-5 illustrates the engineering stress-strain curves for ZK60 extrusion under quasi-
static tensile and compressive loadings along different directions. It is seen that the tensile and 
compressive yield strengths along ED are 251 MPa and 128 MPa, respectively. In contrast, similar 
yield strengths are observed along the other two directions, i.e. the average yield strengths of 130 
MPa and 136 MPa, along RD and 45°, respectively.  
 







Table 3-1 summarizes the quasi-static mechanical properties of the material along these directions. 
Two tests were averaged to get the value for each property. The ductility along ED is less than that 
along RD and 45°, which is in agreement with the texture results, indicating that the c-axis of the 
grains are perpendicular to the ED. Hence, less number of slip modes can be activated to 
accommodate the strain. 
Table 3-1. Quasi-static mechanical properties of ZK60 extrusion along different directions (The 
numbers in the parentheses are standard deviations) 
Mechanical properties ED RD 45° 
Module of elasticity [GPa] 43 (1) 45 (0) 42 (1) 
Tensile yield strength [MPa] 251 (0) 128 (0) 149 (2) 
Tensile ultimate strength [MPa] 309 (1) 279 (1) 264 (1) 
Ductility (%) 11 (0) 23 (1) 26 (0) 
Compressive yield strength [MPa] 128 (10) 132 (4) 123 (5) 
Compressive ultimate strength [MPa] 449 (15)  357 (9)  388 (3) 
 
3.3.3 Cyclic Behavior 
3.3.3.1  Extrusion Direction  
Figure 3-6 depicts the typical engineering stress-strain hysteresis loops of the stabilized cycles 
for total strain amplitudes between 0.2% and 2% for the ZK60 extrusion along ED. It is observed 
that the hysteresis loops for the strain amplitudes lower than 0.5% are not sigmoidal. On the 
contrary, increasing the strain amplitudes to more than 0.5% brings about a sigmoidal-shape 
hysteresis loop. Such asymmetry indicates the activation of twinning and detwinning upon 
compressive and tensile reversals, respectively [91]. 
To be more specific, the evolutionary change of hysteresis loops from the second cycle to the 
stabilized cycle is depicted in Figure 3-7. One of four distinct behaviors is applicable depending 
on the applied strain amplitude: (i) symmetric without twinning (ii) partially asymmetric (iii) 






Figure 3-6. Typical engineering stress-strain hysteresis loops of the stabilized cycle for ED ranging 
from 0.2% to 2% strain amplitudes 
First, at low strain amplitudes (lower than 0.4%), the stabilized hysteresis loops are symmetric, 
implying that the stress is insufficient to activate extension-twinning under compression loading 
[92]; At such low strain amplitudes, the deformation mechanism is controlled by the gliding of 
dislocations [6]. Moreover, marginal cyclic hardening is observed in Figure 3-7 (a), probably due 
to the increased density of dislocations with the increasing number of cycles [93]. For the strain 
amplitudes of 0.5%, Figure 3-7 (b), the hysteresis loop at the second cycle is asymmetric in tension 
and compression reversals, denoting that twin and detwin deformations are active. Activation of 
the extension twin in a compression reversal results in an 86.3° rotation in crystal orientation [94]. 
Therefore, the twinned grains are likely to detwin during the subsequent tension reversal [6]. 
Nevertheless, the twinned grains in the compression reversal are not fully detwinned in the 
following tension reversal, leading to the formation of residual twins and cyclic hardening [42]. 
However, the hysteresis loop at the stabilized cycle exhibits no sign of twinning dominance, and 
therefore the slip of dislocations is accommodating the applied strain. It is believed that this change 
in the deformation behavior is due to the exhaustion of the new extension twin. This behavior has 





Figure 3-7. Evolution of hysteresis loops for 2nd and stabilized cycles along ED at different strain 
amplitudes: (a) 0.3%, (b) 0.5%, (c) 0.8%, and (d) 2% 
As the applied strain amplitude is increased (to more than 0.5%), Figure 3-7 (c), the stresses 
during compressive reversals are high enough to activate the extension twinning. The twinned 
grains formed under compression are partially detwinned in the next tensile reversal, resulting in 
residual twins. These residual twins build up resistance to the plastic deformation in the wake of 
their interactions with dislocations and twinned grains which brings about cyclic hardening 
[6][95]. Lastly, when the strain amplitude reaches to as large as 2%, Figure 3-7 (d), twinning 
governs the plastic deformation in the compressive reversal of the first few cycles. During the 
tensile reversal, detwinning occurs inside the twinned grains, and after detwinning exhausts, non-
basal slips accommodate strain [48]. As a result, the hysteresis loop for the second cycle is 
sigmoidal for the tensile reversal. However, as the number of cycles increases, the compressive 
reversal also tends to the sigmoidal shape, as twining is exhausted before the end of compressive 






mechanisms [62]. In contrast, the tensile reversal demonstrates cyclic softening, which is due to 
the formation of non-propagating micro-cracks in the first few cycles at such a high strain 
amplitude [96]. It is also reported that the annihilation and rearrangement of dislocations can cause 
this softening [6]. As a result of cyclic hardening in the compressive reversals and cyclic softening 
in the tensile reversals, hysteresis loops tend to be tension-compression symmetric. Similar 
behavior has been observed in AM30 extrusion for strain amplitudes greater than 1.5% [12].  
3.3.3.2 Radial direction 
Typical engineering stress-strain hysteresis loops along RD for ZK60 extrusion are plotted in 
Figure 3-8 at different strain amplitudes ranging from 0.2% to 2%. At all strain amplitudes, the 
hysteresis loops are roughly symmetric, unlike those in the ED. Slip is the dominant deformation 
mechanism at small strain amplitudes; however, twinning is also happening at high strain 
amplitudes (𝜀𝑎≥1.6%) and forms sigmoidal-shape hysteresis loops. It is also observed that the peak 
stresses in the compression reversals are larger than those in the tension ones. As indicated in 
Figure 3-9, there is no such a difference between the second hysteresis and the stabilized one along 
RD. This is because of the lack of residual twins in this direction in the microstructure, the reason 
of which will be discussed later. Thus, larger compressive peak stresses comparing to the tensile 
ones stem from the quasi-static behavior. Returning to section 3.3.2 and Table 3-1, it was stated 
that along RD, the compression yield strength is greater than the tension yield; thereby, higher 
peak stress is eventually achieved under compression reversal. 
 
Figure 3-8. Typical engineering stress-strain hysteresis loops of the stabilized cycle for RD ranging 
from 0.2% to 2% strain amplitudes 
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According to Figure 3-9, at the strain amplitude of 1%, the second and stabilized hysteresis 
loops do not show a remarkable decrease of hardening rate under compressive reversal, indicating 
that twinning is not happening massively. In fact, the crystal orientations in some grains favor the 
activation of extension twinning under both reversals, and consequently, detwinning reorients part 
of the twinned grains under both tension and compression loading. As a result, few residual twins 
remain in the microstructure; hence, slight strain hardening occurs both in tension and compression 
reversals due to the twin-twin and twin-dislocation interactions. On the other hand, as the strain 
amplitude is increased to 2%, the non-basal slip modes are activated in addition to the twinning 
and detwinning, which results in the sigmoidal hysteresis loop. However, for the reason mentioned 
before, only a limited number of residual twins remain in the microstructure, and by comparing 
the stabilized and second cycle hysteresis loops, very marginal cyclic hardening can be observed.  
 
 
Figure 3-9. Evolution of hysteresis loops for 2nd and stabilized cycles along RD at the strain 
amplitude of: (a) 1% and (b) 2% 
3.3.3.3  45° direction  
Figure 3-10 shows the typical engineering stress-strain hysteresis loops along 45° for ZK60 
extrusion at strain amplitudes ranging from 0.3% to 2%. The stabilized fatigue response, like the 
one along RD, does not show a low-hardening section under compressive and tensile reversals up 
to the strain amplitude of 1%. However, the sigmoidal behavior along 45° differs from that along 
RD, i.e., the peak stresses and strain hardening are slightly higher in tension reversals. This, again 





Figure 3-10. Typical engineering stress-strain hysteresis loops of the stabilized cycle for 45° 
direction ranging from 0.3% to 2% strain amplitudes 
Hysteresis loop evolution along 45° is shown in Figure 3-11. As seen in Figure 3-11 (a), the 
hysteresis loop evolution along 45° at the strain amplitude of 1% is similar to that along RD; i.e., 
very marginal cyclic hardening is observed under both tension and compression loading. However, 
at the strain amplitude of 2%, Figure 3-11 (b), the behavior is more similar to that in the ED 
direction; i.e., after the first few cycles, cyclic softening on the tensile side and cyclic hardening 
on the compressive side can be seen. However, in the case of 45°, softening is not as severe as that 
along ED. 
  
Figure 3-11. Evolution of hysteresis loops for 2nd and stabilized cycles along 45° direction at the 




3.3.4 Strain-life Curve 
The strain-life (εa-N) curves for ZK60 extrusion along different directions are depicted in 
Figure 3-12. It is noteworthy that both the 45° and RD samples are displaying the same life at 
different strain amplitudes. Moreover, comparing the fatigue responses along RD and ED, it is 
noted that the lives are similar for the strain amplitudes of 0.4% and higher (the low cycle fatigue 
regime). However, in the high cycle fatigue regime (strain amplitudes of 0.3% and lower), the 
cyclic respond depends on the material direction. For instance, while the fatigue life at the strain 
amplitude of 0.3% along RD is ~ 27000 cycles, that for ED is improved to ~ 100,000 cycles.  While 
the run-out test for ED happened at the strain amplitude of 0.25%, RD samples exhibited an 
average life of 90,000 cycles at the same strain amplitude. The run-out test for RD was achieved 
at 0.2%. The reasons for the similar fatigue performance in the LCF for all directions, but not in 
the HCF will be discussed later. 
 




3.3.5 Fatigue Fracture Surfaces 
The SEM images of the fatigue fracture surface of ED, RD, and 45° samples at two strain 
amplitudes of 0.3% and 2% are presented in Figure 3-13. Multiple crack initiation sites (marked 
by yellow arrows) are visible for all directions at the higher strain amplitude, whereas crack 
initiation sites are fewer at the lower strain amplitude. The fatigue failure (FF) area is distinguished 
from the fatigue crack growth (FCG) zone by dashed lines, and generally, at lower strain 
amplitudes, the FCG area is larger, manifesting a longer fatigue life.  
 
Figure 3-13. SEM images of fatigue fracture surfaces of ZK60 extrusion Mg alloy at different strain 
amplitudes along different directions: (a) ED at εa=0.3%, (b) ED at εa=2%, (c) RD at εa=0.3%, (d) 
RD at εa=2%, (e) 45° at εa=0.3%, and (f) 45° at εa=2%, (Yellow arrows indicate the position of FCI 
sites, and the dashed lines represent the boundary between the FCG and the FF areas)  
The fracture surfaces at higher magnifications are shown for the strain amplitude of 2% along 
different directions in Figure 3-14. Twin lamellae are observed on the fracture surface of ED 




Figure 3-14. SEM images of the fracture surface of ZK60 extrusion at the total strain amplitude of 
2% showing twin lamellae and slip bands on the: (a) ED sample and (b) RD sample 
Also, Figure 3-15 illustrates the fatigue crack growth (FCG) zone of ZK60 at the total strain 
amplitudes of 0.3% and 2%. Fatigue striations (FS) marks are denoted on the images. Each striation 
mark represents the propagation of the fatigue crack in one cycle. Hence, the finer the marks, the 
longer the fatigue life. While the average distance between the FS marks for the ED sample under 
strain amplitude of 0.3% was 0.6±0.16 µm, the RD and 45° samples exhibited striations with an 
average distance of 1.92±0.3 µm, which is a testimony to the longer fatigue life along ED. In 
contrast, the average distance along FS marks along ED, RD, and 45° directions under strain 
amplitude of 2% were 2.14±0.04 µm, 2.01±0.09 µm, and 2.21±0.43 µm, asserting the similar lives 
in the LCF regime. 
 
Figure 3-15. Fatigue crack growth at the total strain amplitudes of 0.3% (Top) and 2% (Bottom) 
for: (a) ED, (b) RD, and (c) 45° samples 
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Lastly, to be more specific, the microstructure of the fatigue fractured ZK60 Mg alloy tested 
at the strain amplitude of 2% along (a) ED and (b) RD are shown in Figure 3-16. Profuse twined 
grains are observed in the microstructure along ED; however, the twinned area in the RD sample 
was significantly lower. This is in agreement with the hysteresis loops obtained in section 3.3.3, 
in that the one for ED samples was less symmetric, as twinning was more dominant. 
 
Figure 3-16. Microstructure illustrating the traces of twin on the polished cross-section of the 
fatigue-tested samples near the fracture surface, obtained at a strain amplitude of 2% along (a) ED 
and (b) RD 
3.4 Discussion 
3.4.1 Deformation Behavior 
The development of hysteresis responses along different directions during the fatigue tests 
was illustrated in the previous sections. The mechanical behavior of the material is highly 
associated with the crystallographic texture, which controls the active modes of deformation. It is 
well-established that }2110{  extension-twin can accommodate plastic strain in HCP crystal 
structures when the applied loading is either tensile along the c-axes of the grains, or compressive 
perpendicular to the c-axes [6]. This polar nature of twinning brings about evident tension-
compression asymmetric behavior in wrought Mg alloys [97]. For ZK60 extrusion, along ED, 
extension-twinning drives the deformation only under compressive loading. However, for the 
radial and 45 directions, twinning can happen under both tensile and compressive reversals. 
Consequently, in each reversal, some of the grains’ orientation favors the activation of twinning, 
while the other pre-twinned grains tend to detwin. Therefore, hysteresis loops along these 
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directions are less asymmetric compared to ED. 
The cyclic tension and compression behaviors of ZK60 along the three directions are depicted 
in Figure 3-17. The plots are constructed from the peak stresses of the stabilized hysteresis loops. 
It is noted that both the cyclic tension and cyclic compression curves for 45 are located between 
the curves of ED and RD. This observation suggests that the deformation mechanism, as a 
macroscopic consequence of texture, along the 45 direction is a combination of the activated 
mechanisms along ED and RD. 
 
Figure 3-17. cyclic tension and compression behavior along ED, RD, 45° 
In Figure 3-18, the term Asymmetric Ratio (AR) = 
𝑇𝑆−𝐶𝑆
𝑇𝑆+𝐶𝑆
 refers to the level of asymmetry, 
where TS and CS are the tensile peak stress and compressive peak stress, respectively. For a 
symmetric cyclic behavior, the asymmetry level equals zero, whereas the positive and negative 
levels of asymmetry reveal higher tensile peak stress and higher compressive peak stress, 
respectively. Asymmetry is clearly evident along ED up to the strain amplitude of 1%, but then 
decreases drastically, probably due to the formation of micro-cracks, and consequently reduces the 
tensile peak stress. The annihilation and rearrangement of dislocations, which together can 
decrease the post-detwinning dislocation-based flow, can also cause this softening, as reported in 




Figure 3-18. Ratio of cyclic asymmetry at different strain amplitudes ranging from 0.3 to 2% for 
different sample orientations 
The RD asymmetry levels do not change remarkably, remaining close to zero, and so 
manifesting more symmetric behavior than other directions. As discussed, this symmetric behavior 
arises from the crystallographic texture of ZK60 extrusion, in which the c-axes of grains are 
randomly orientated on a plane normal to ED. Hence, twinning happens under both tension and 
compression along RD. Lastly, along 45, like the deformation curves, the level of asymmetry lies 
between the ones for ED and RD, signifying that the deformation behavior of 45 is a combination 
of ED and RD behaviors. Moreover, while the asymmetry level for 45 is not as high as ED’s 
owing to different texture, it decreases like ED’s at high strain amplitudes. Referring to the Figure 
3-9 this can be attributed to the tension peak stress drops at high strain amplitudes. 
The tension and compression cyclic behavior of ZK60 is plotted against the quasi-static 
behavior under tension and compression loadings along different material directions in Figure 
3-19. It is noted that at low strain amplitudes, where the material response is nearly elastic, the 
quasi-static and cyclic behaviors are very similar. However, at higher strain amplitudes, cyclic 
hardening occurs in the light of resistance built up by dislocation-dislocation, dislocation-twin, 
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and twin-twin interactions [62]. Hence, cyclic curves are harder than quasi-static curves for RD 
and 45°. However, as previously stated, for ED, softening occurs at strain amplitudes higher than 
1% probably due to the formation of non-propagating micro-cracks. This affects the fatigue 
modeling, as will be discussed later. 
   
Figure 3-19. Comparison between quasi-static and cyclic curves for ZK60 extrusion along (a) ED, 
(b) RD, and (c) 45° 
3.4.2 Effect of Loading on the Fatigue Performance 
Figure 3-12 showed that the fatigue life of ZK60 is not sensitive to the material direction in 
the LCF regime, i.e., 𝜀𝑎 ≥ 0.4%, although the deformation behavior is different. In other words, 
the cyclic deformations for RD and 45° are almost symmetric, whereas the deformation for ED 
involves profound twinning happening only under compressive loading. Thus, significant 
asymmetry is evident. Nevertheless, the fatigue lives are not direction sensitive in LCF. On the 
other hand, according to Figure 3-12, fatigue lives within the HCF regime, i.e., 𝜀𝑎 < 0.4%, are 
distinct in spite of similar symmetric deformation behavior. 
Figure 3-20 demonstrates the hysteresis loops at two different strain amplitudes of 0.5% and 
1%, both corresponding to the LCF regime, for different directions. It is noted that while the tensile 
peak stresses for ED are the highest among all directions for both strain amplitudes, the areas inside 
the ED hysteresis loop are the least compared to the areas of RD and 45°. The area inside the 
hysteresis loops represents the energy being dissipated in each cycle. Therefore, less energy would 
dissipate along ED in each cycle compared to the other two directions, both of which show 
relatively similar loop areas. On the other hand, the larger tensile peak stress causes larger stress 
range and tensile mean stress, which are more damaging for ED samples. 




Figure 3-20. Stabilized hysteresis loops for ED, RD, and 45° at: (a) εa= 0.5% and (b) εa= 1% 
Furthermore, profound residual twins remained in the microstructure of the alloy can affect 
the fatigue life of ED samples in two ways. Firstly, interactions between twin-twin bands and twin-
dislocations can cause crack initiation, leading to a pre-mature fatigue failure [15][98]. On the 
other hand, some studies have suggested that the surface roughness as a result of extension 
twinning can retard the crack growth rate due to roughness-induced crack closure [99]. As a result, 
from a microscopic point of view, although grain sizes along ED are smaller than those in the other 
directions, leading to higher strength along this direction, in the LCF regime, residual twins remain 
in the microstructure of ED samples, affecting the mechanical behavior of the material. The overall 
result of competing factors, namely strength, twin-twin band interactions, the interaction between 
twin and dislocations, and surface roughness as a result of extension twining, is that the fatigue 
lives in the LCF regime are similar. However, in the HCF regime that twinning does not happen, 
the material strength governs the deformation. In fact, at these strain amplitudes, the area inside 
the hysteresis loop is small, exhibiting little plasticity in the deformation. Thus, the deformation 
tends to be more elastic; consequently, the governing fatigue life factor in the HCF regime would 
be the strength of the alloy. This suggests a remarkably higher fatigue life for ED samples in HCF 









3.5 Fatigue Modeling 
As discussed, ZK60 extrusion exhibits identical behavior in the LCF regime along three 
different directions in terms of the strain-life curve; however, in the HCF regime, their fatigue 
response shows segmental deviation. Furthermore, along the ED, there is a partial softening in the 
high strain amplitude, e.g., 𝜀𝑎 =1.6% compared to 1 %, which causes nonlinearity in the elastic 
strain response of the material, when plotted with respect to the number of reversals (Figure 3-21). 
As a consequence, the fatigue modeling of ZK60 can be complex. A goal in fatigue modeling of 
anisotropic materials is to discover a set of universal parameters that can be employed for life 
prediction of the material regardless of the orientations. To this intent, RD was selected as the 
primary direction, and the universal parameters required for two different damage criteria were 
extracted from the experiments in this specific direction. Eventually, these parameters were used 
to predict the life in other directions. In what follows, SWT, as a critical plane model, and JV, as 
an energy-based damage criterion, are assessed for the fatigue life prediction of ZK60.  
 
Figure 3-21. Nonlinear elastic response of the strain for ED 
3.5.1 SWT 
By employing strain-life and hysteresis curves along RD, the elastic and plastic strain ranges 
with respect to the number of reversals to failure are depicted in Figure 3-22. The Coffin-Manson 
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parameters, as presented in Table 3-2, were extracted from the experimental results in the reference 
direction (RD) using the aforementioned equations. Finally, by substituting these parameters into 
the SWT model (Eq. 2-1 and Eq. 2-2), the predicted lives in all three directions were found 
through a numerical solution.  
Table 3-2. Coffin-Manson parameters for SWT model 






Figure 3-22. Decomposition of strain into elastic and plastic strain in RD 
The predicted lives in contrast to the experimental ones are illustrated in Figure 3-23. A 
diagonal solid line denotes the ideal prediction, while the dashed and dashed-dot lines specify the 
area where predicted life over experimental life rests within the factors of 2 and 2.5, respectively. 
Along RD, life prediction meets expectation in accordance with the fact that the Coffin-Manson 
parameters were extracted in this direction. For both 45° and ED specimens, SWT underpredicts 
 
44 
the life; however, the prediction is more conservative for ED. The observed drop in the life 
prediction accuracy of ED might be attributed to the observed nonlinear elastic strain of the 
material, which is fitted by the linear regression in the Coffin-Manson relation (Figure 3-21).  
 
Figure 3-23. SWT predicted vs. experimental reversals for all directions 
3.5.2 Jahed-Varvani 
Based on the introduced concepts in section 2.1.2.2, the JV parameters are determined from 
the curves fitted to the elastic and plastic portions of the energy along RD, as depicted in Figure 
3-24. By employing the JV model in conjunction with the parameters extracted for RD, Table 3-3, 
fatigue lives in different directions are predicted numerically similar to the SWT approach and 
plotted against the experimental life in Figure 3-25.  







The data-points congregating about the solid line and almost within the bound of factor 2.5 in 
both LCF and HCF regions demonstrate the capability of the JV parameter to model the fatigue of 
ZK60 with anisotropic behavior. However, some deviation is observed along the ED direction as 
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the lives increases to more than 10000 cycles. This deviation is possibly attributed to exhausted 
plastic energy decapitation through the hysteresis loops in HCF where the model relies solely on 
the elastic part of the strain energy. Comparing the Figure 3-23 and Figure 3-25 suggests that the 
SWT model yields to more conservative life predictions than the JV model.  
 
Figure 3-24. Decomposition of total strain energy into elastic and plastic energies in RD 
 
Figure 3-25. Predicted vs. experimental reversals for all directions by JV model 
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3.6 Further Discussion 
The total strain energy density, as a fatigue damage parameter, is determined at each strain 
amplitude at the stabilized cycle to discern the underlying reason for similar LCF lives, but 
different HCF ones. Figure 3-26 depicts the total strain energy density against the total strain 
amplitude for the different directions. It is observed that at high strain amplitudes, although the 
deformation behaviors are dissimilar, the fatigue damage parameters are roughly the same. 
 
Figure 3-26. Total strain energy density as the fatigue damage parameter at different strain 
amplitudes along different directions for ZK60 extrusion 
Therefore, the fatigue lives in the LCF regime are identical in the wake of similar fatigue 
damage occurring. On the other hand, under small strain amplitudes, i.e., the HCF regime, the 
amount of damage at the stabilized cycle is marginal and close to zero, implying elastic 
deformation. 
3.7 Summary 
The quasi-static and strain-controlled fatigue characteristics of ZK60 extrusion has been 
investigated along three different directions: the extrusion direction (ED), the radial direction 
(RD), and 45° to extrusion direction (45°). The quasi-static response showed symmetric behavior 
for the samples tested along RD and 45°, whereas ED samples manifested completely asymmetric 
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behavior. While the ED samples exhibited longer fatigue lives than the RD and 45° in the high 
cycle fatigue, the fatigue lives in the low cycle fatigue regime were similar. Microstructural 
analysis revealed finer grains for ED, thereby higher strength for this direction. Moreover, the 
texture measurement indicated a sharp basal texture justifying asymmetric behavior, solely along 
ED direction. Higher tensile mean stress and less dissipated plastic energy per cycle for the ED 
samples, acting as two competing factors, were the principal reasons for their identical fatigue 
response to those of RD and 45° in the LCF regime. The fracture surface in the ED direction was 
dominated by twin lamellae and profuse twined grains, whereas slip bands were dominant on the 
fracture surface in RD direction. Finally, Smith-Watson-Topper, as a critical-plane strain-based, 
and Jahed-Varvani, as an energy-based, damage criteria were employed to predict the fatigue lives 












Chapter 4 : Cyclic Stress-control Behavior 
 
 




This chapter characterizes the fatigue behavior of ZK60 extrusion under stress-controlled 
condition in two perpendicular directions: extrusion direction (ED) and radial direction (RD). 
Special attention is given to the detailed explanation of the observed anisotropy and asymmetry. 
The JV model is calibrated using the strain-controlled experiments presented in Chapter 3. The 
merit of the JV model is then scrutinized by using the same set of material parameters to predict 
the fatigue life for stress-controlled experiments. The results demonstrate promising correlations 
between the experimental and predicted fatigue lives in different material orientations for both the 
stress- and strain-controlled loading conditions. 
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4.1 Material and Specimens 
An extruded cylindrical billet with a diameter of 127 mm made of commercial ZK60 and 
supplied by Magnesium Elektron of North America (MENA) was used in the current study. The 
raw material is identical to the one previously investigated in Chapter 3. The dog-bone specimens, 
with the geometry depicted in Figure 4-1 (a) were machined along RD and ED according to the 










4.2 Experimental Procedures 
All tests were conducted at the room temperature, using a servo-hydraulic Instron 8872 test 
frame. Fully reversed (R=-1) stress amplitudes were generally imposed in the range of 70 to 200 
MPa at a cyclic frequency of 10 Hz. In general, the loading cycle was initiated by a tensile reversal 
and followed a sinusoidal waveform. Strain was measured throughout the tests using an Instron 
extensometer with a gauge length of 10 mm and a ±1 mm travel. For each stress amplitude, at least 
two specimens were tested to ensure reproducibility of the test results, and Nf denotes the number 
of cycles corresponding to final fracture. Tests were interrupted after 106 cycles, and the life was 
considered infinite.  
4.3 Results and Discussion 
Texture analyses in Chapter 3 demonstrated that the extrusion process on ZK60 renders the c-
axes perpendicular to the ED but randomly distributes them in the RD-TD plane. The large 
difference in tensile and compression yield strengths of specimens loaded along ED revealed 
intense asymmetry, which is attributed to easily activated extension twins along ED under 
compression. In contrast, the undirected dispersion of the HCP crystals in the RD-TD plane 
provides an equal chance of extension twinning in both tension and compression for RD 
specimens, resulting in almost symmetrical behavior. 
4.3.1 Fatigue Behavior 
4.3.1.1 Radial Direction 
Figure 4-2 illustrates the evolution of engineering strain in the first loading cycle for an RD 
specimen loaded to the stress amplitude of 𝜎𝑎 = 200 MPa. In the first tensile reversal, beyond the 
tensile yield strength (TYS), basal slip dominates the plastic deformation at low stress levels. 
However, due to the undirected crystallographic orientation in the loading plane (RD-TD), {101̅2} 
pyramidal twinning may be triggered at high stress levels. The first tensile reversal plastically 
deforms the specimen up to 4% of strain by simultaneous activation of slip and extension-twinning, 
with slip being the dominant mechanism, contributing to low TYS. The crystals with their c-axis 
oriented in RD will undergo tension twinning during the first reversal and will rotate by 86.3° 
toward TD [94]. Dislocation slip governs plastic deformation in other grains where the crystals 
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were initially oriented unfavorably for twinning. The newly twinned grains unite the primary 
untwinned grains and form a basal texture, with most basal planes being aligned parallel to the 
TD. Now, these grains are ready to be twinned under subsequent unloading/compressive reversal. 
In the subsequent reversal, detwinning of formerly twinned grains in conjunction with the twinning 
of untwined grains, predominantly strain the specimen up to 0.5% at which value detwinning will 
be almost exhausted. Further compressive loading results in non-basal slip activation and forms a 
mild sigmoidal shape of the unloading curve. At the end of the unloading stroke, 1.7% compressive 
strain will be imposed which is lower compared to 4% tensile strain achieved at the end of loading. 
The asymmetric straining can be attributed to the slightly higher compressive yield strength (CYS) 
against TYS, and activation of harder non-basal slip in compression. Thus, when the specimen is 
reloaded in tension, it will be deformed by means of the detwinning followed by non-basal slips 
up to 3.5 %, instead of the prior 4 % strain imposed by the initial loading. This difference generates 
a 0.5% strain gap within the unclosed hysteresis loop, in the form of the mean strain as indicated 
in Figure 4-2. This directional and escalating mean strain is referred to as “cyclic strain ratcheting” 
[30].  
 
Figure 4-2. Strain ratcheting in the first cycle along RD at σa = 200 MPa  
In metals with symmetric tension–compression curves, ratcheting takes place by virtue of 
mean stress [30], whereas in wrought Mg alloys fully reversed loading with no mean stress will 
induce a substantial amount of ratcheting due to asymmetric cyclic hardening behavior. The 
mutual participation of twinning and slip in both tensile and compressive reversals yields the 
sigmoidal but near-symmetric shape of the hysteresis loop for the first cycle along RD.  
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Figure 4-3 shows the progressive strain ratcheting through engineering stress-engineering 
strain fatigue hysteresis loops. The near-symmetric shape of the first cycle’s stress-strain response 
is sustained during cyclic loading; however, the size of the hysteresis loop shrinks significantly. 
The translation of the maximum and minimum strain in opposite directions, as depicted in Figure 
4-4, governs the observed reduction in the size of the hysteresis loops. It is interesting to note that 
the maximum strain development is almost saturated after the first cycle; however, the minimum 
strain continues to decline (Figure 4-4). This contrasting behavior can be attributed to deficient 
detwinning and residual twins impeding the plastic deformation during tensile reversals [42].  
 
Figure 4-3. Evolution of stress-strain hysteresis loops along RD at σa = 200 MPa 
 
Figure 4-4. Strain evolution along RD at σa = 200 MPa 
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The analogous characteristics were perceived for lower stress amplitudes, e.g. 𝜎𝑎 = 140 MPa, 
by comparing the first and half-life hysteresis loops of the RD specimens illustrated in Figure 4-5 
(a) and (b), respectively. The only dissimilarity is the concave shape of the hysteresis loops at low 




Figure 4-5. Stress-strain hysteresis loops along RD at different stress amplitudes, ranging from σa = 






4.3.1.2 Extrusion Direction 
Figure 4-6 shows the engineering stress-engineering strain hysteresis response in the first 
loading cycle along ED for 𝜎𝑎 = 200 MPa. The high TYS in ED, i.e., 238 MPa, compared to 200 
MPa maximum stress places the first reversal in the elastic region. By reversing the load, the basal 
texture favors extension twinning activation, resulting in 86.3° rotation of the crystallographic 
lattice with respect to the loading direction [53]. Twinning in compression reduces CYS against 
TYS [62], typically referred to as asymmetry, and brings about a significant amount of strain (-4.5 
%) at the end of the unloading reversal. The twinned lattices are favorably aligned to detwin during 
the subsequent tensile loading. Detwinning reorients the twinned grains; however, complete 
texture restoration is unattainable, and residual twins develop [42]. Detwinning exhausts before 
reaching the maximum tension where harder non-basal slip takes over and accommodates 
deformation at yet a higher strain-hardening rate [6][95]. This substitution turns the concave-down 
loading curve into a sigmoidal one due to the higher stress demands of non-basal slip mechanisms. 
The discussed asymmetric behavior of the material leaves a gap in the hysteresis loop, as illustrated 
in Figure 4-6, and results in accumulating ratcheting strain. 
 
Figure 4-6. Strain ratcheting in the first cycle along ED at σa = 200 MPa  
Figure 4-7 depicts the cyclic ratcheting of an ED specimen subjected to 𝜎𝑎 = 200 MPa. The 
smooth transition from an asymmetric hysteresis response in the first cycle to a fully symmetric 
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hysteresis in the half-life cycle (cycle #475) can be perceived. This characteristic suggests that 
twinning and detwinning are the dominant deformation mechanisms in the first few cycles, but are 
replaced by dislocation slip in subsequent cycles. The continuous but decaying evolution of 
maximum and minimum strains in ED, as shown in Figure 4-8, shrinks the hysteresis loops, 
analogous to the behavior observed in RD. Significant irreversible deformation in the first few 
cycles along with residual twins development that obstruct later plastic deformation prevent the 
twinning-detwinning from governing plastic deformation with increasing loading cycles and 
induce a pronounced material hardening, reflected in the strain range reduction [62].  
 
Figure 4-7. Evolution of stress-strain hysteresis loops along ED at σa = 200 MPa 
 
Figure 4-8. Strain evolution along ED at σa = 200 MPa 
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Figure 4-9 illustrates the hysteresis loops corresponding to the first and half-life cycles in different 
stress amplitudes. By comparing Figure 4-9 (a) and (b) and tracking the alternation of stress-strain 
responses at each stress amplitude, a transition from asymmetric to symmetric hysteresis is notable 
for 𝜎𝑎 > 150 MPa. However, at lower stress levels, the twinning-detwinning cannot be triggered 
even in the initial cycles, which puts the slip in charge for the entire history of plastic deformation.  
 
 
Figure 4-9. Stress-strain hysteresis loops along ED at different stress amplitudes, ranging from σa = 






4.3.2 Stress-life Curve 
Figure 4-10 displays the stress-life curve for ZK60 extrusion along ED and RD. Data-points 
with arrows indicate run-out tests at 106 cycles. The selection of 106 cycles for infinite life is 
corroborated by the literature, which reports the minimal slopes of stress- and strain-life curves for 
Mg alloys in the range of 106 < Nf <10
8 cycles [37,101]. The anisotropic quasi-static behavior of 
ZK60 extrusion is extended to its cyclic stress-controlled behavior as well. The material along ED 
exhibits superior fatigue performance compared to RD at all stress levels. This behavior contrasts 
with observed identical LCF strain-controlled behavior in ED and RD (Figure 3-12). As 
exemplified in Figure 4-11, ED specimens show smaller hysteresis loops and consequently less 
plastic-induced damage at the same load level compared to RD, which can justify the ED 
specimens’ longer survival. The gap perceived in the number of cycles to failure for the two 
loading directions is sustained through all stress levels. 
 
Figure 4-10. Stress-life curves for RD and ED  
Fatigue strength in each direction was quantified by sequentially testing a set of specimens in 
accordance with the staircase statistical analysis method described in section 2.1.3. The fatigue 


































Figure 4-11. Smaller hysteresis loops of ED compared to RD at two stress amplitudes   
4.3.3 Ratcheting Strain Effects on Fatigue Life 
The Effect of mean stress on the fatigue strength of Mg alloys has been a major area of interest 
for researchers [81,102–106]. However, the literature suggests that fatigue strength is insensitive 
to mean strain if no mean stress is involved [37,72]. In order to evaluate this argument for ZK60 
extrusion and also to examine the loading sequence effect, cyclic loading was applied with 𝜎𝑎 = 
200 MPa along both RD and ED, with the first reversal being compressive, unlike in the previous 
experiments, where the first reversal was tensile. When the RD specimens are initially loaded in 
compression, a negative mean strain compared to the positive one in the tension-first experiments 
(Figure 4-12), is induced. The inceptive compresvie strain is compensated for by postive strain 
ratcheting in the subsequent cycles, even though, the half-life mean strain ends up samller than 
that with tension-first loading. Therfore, as depicted in Figure 4-13, the dissimilar loading 
sequence results in a mismatched half-life mean strain for RD; however, the cycles to failure 
remain close due to the analogous hysteresis-loop shapes. In contrast to RD, the half-life hysteresis 
along ED for both the loading sequences are almost identical. The similarity can be described by 
the fully elastic behavior along ED in the first tensile reversal, i.e., the first reversal induced almost 
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Therefore, the material experiences the same plastic deformation history for the two loading 
sequences, resulting in an identical half-life response.  
 
Figure 4-12. Initial compressive mean strain for the RD compression first test at σa = 200 MPa 
 
 












































ED - Tension first
ED - Compression first
RD - Tension first
RD - Compression first
NF = 184 
ɛmean = 0.40 % 
NF = 174 
ɛmean = 1.36 % 
NF (Tension first) = 951 
NF (Compression first) = 843 
ɛmean = 2.36 % 
ɛmean= -0.03 %  
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4.4 Fatigue Modeling 
4.4.1 Stress-Based Model (Basquin) 
In order to mathematically express the stress-life curves along two directions via a stress-
based model, the classical Basquin equation was employed [30]: 
𝜎𝑎 = 𝐴(𝑁𝑓)
𝐵
 Eq. 4-1 
where 𝜎𝑎 is the imposed stress amplitude, and A and B are material constants indicated in 
Figure 4-14. By implementing the material’s constant from RD, lives predicted and plotted against 
experimented ones (Figure 4-15). Based on the dissimilarity observed for A and particularly B 
values along the different directions, one can expect that using one set of material parameters for 
the life prediction in different material orientations will be impractical in Basquin’s model. To that 
intent, the adaptation of supplementary data, e.g., hysteresis loops, is indispensable, as discussed 
hereinafter. 
 






























Figure 4-15. Predicted vs. experimental life for different directions using Basquin equation  
4.4.2 Energy-Based Model (JV) 
In order to predict the life via JV model, the experimental energy density values are extracted 
from the half-life hysteresis of strain-control tests along the reference direction (RD), as discussed 
in section 3.5.2. The strain-control half-life hysteresis loops were presented earlier in Chapter 3. 
The gradual evolution of the material’s strain response in cyclic strain-control tests makes their 
half-life a suitable reference cycle for the fatigue modeling. The JV coefficients are listed in Table 
3-3. In order to substantiate JV as an anisotropic fatigue model, these coefficients are employed to 
predict the stress-controlled fatigue life of the material along both RD and ED. The energy values 
for the stress-controlled tests were calculated using the half-life stress-strain response of the 
material in the two directions, Figure 4-5 (b) and Figure 4-9 (b). By utilizing TSED as an energy-
based damage parameter, three sets of data are consolidated into one curve regardless of loading 
direction (Figure 4-16). Comparing this single energy curve with two isolated stress-life curves 
fitted by Basquin equation (Figure 4-14), indicates the energy-based model’s superiority for 
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Figure 4-16. Comparing TSED as a function of reversals for different loading conditions 
Figure 4-17 presents the life predicted by the JV model with respect to the experimental life 
for the reference data set (i.e., strain-controlled results along RD) used for the model calibration. 
All the strain-controlled data points congregate tightly about the ideal estimation, which is 
expected as the model’s coefficients were extracted from the same data set. This graph also 
includes the predicted and experimental results for stress-controlled tests along RD and ED. The 
JV model provides a better correlation for RD compared to ED, a finding attributed to the fact that 
the JV coefficients correspond to RD direction. The life prediction for RD was excellent in the 
LCF, where the plastic deformation is significant and the PSED is the dominant term in the damage 
calculation (Eq. 2-5). However, in the HCF regime, where the PSED diminishes and the ESED 
takes over the fatigue damage, the life predictions deviate from the experimental life toward 
conservative predictions. The predictions along ED are not as accurate as those for RD, especially 
in HCF, where the lives are under-predicted. The deficiency can be attributed to ESED, as the 
controlling parameter in HCF regime. ESED over-predicts damage with its current definition 


































Figure 4-17. Predicted life vs. experimental life for both directions using one set of JV coefficients 
In order to evaluate the prediction accuracy, the mean squared errors (MSE) between the n 
experimental and predicted lives at logarithmic scale were calculated, as follows: 
𝑀𝑆𝐸 =







The MSE for the different sets of fatigue data is displayed and compared in Figure 4-18. As 
shown in this figure, because the JV coefficients were extracted from RD, the predicted lives in 
RD are more accurate than those in ED. The accuracy reduction along ED is expectedly immense 
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Figure 4-18. Mean squared error for strain- and stress-controlled tests, representing the prediction 
accuracy of JV and Basquin models 
4.5 Further Discussion 
4.5.1 Reference Cycle in Fatigue Modeling 
Because damage is a cumulative phenomenon, averaging it can appropriately represent the 
damage, a material has sustained in its lifetime. However, in order to ease the calculation process, 
the majority of fatigue models assume that the material response is stabilized by the half-life cycle 
and calculate the damage parameter for this cycle [30]. Since the half-life cycle represents the 
material behavior over the majority of the fatigue life in these models, the damage associated to 
the half-life cycle is then extended to every cycle of the fatigue experiment under constant 
amplitude loading. In particular, these assumptions are often employed in modeling strain-
controlled experiments [30]. Nevertheless, one should note that these assumptions may be violated 
in some cases; for instance, the material response in the strain-controlled tests does not stabilize 
when subjected to very high strain amplitudes [107]. Furthermore, the damage distribution over a 
life-time could enforce a noteworthy difference between average and half-life damages, making 
the half-life an inaccurate reference for the fatigue analysis. In particular, in stress-controlled tests, 
substantial evolution occurs in the strain response over the first few cycles. Thus, the total strain 
energy density also changes significantly before the material response stabilizes. Figure 4-7 reveals 





























that in the first cycles, considerable damage takes place. The damage rapidly diminishes through 
shrinkage of hysteresis loops. Therefore, the material is exposed to significant damage before it 
reaches the half-life cycle. This phenomenon can call into question the applicability of the half-
life cycle as the reference cycle for damage calculation in stress-controlled tests.  
In order to assess the validity of the half-life concept in stress-controlled tests, the evolution 
of the total strain energy density, as a widely accepted damage parameter for Mg alloys, was 
plotted over normalized life for different cases in Figure 4-19. This graph depicts a sharp decay in 
the damage over the beginning cycles, irrespective of the loading amplitude and material direction. 








along both ED and RD for two different stress amplitudes. Table 4-1 presents the quantified values 
and compares them with the corresponding damage at half-life and one-third of life cycles. On 
average 9.2% and 3.9% differences compared to mean value are observed at half-life and one-third 
of life cycles, respectively. The results suggest that one-third of life is more appropriate than the 
half-life for damage calculation in stress-controlled tests. This point is to be further investigated 
and verified. 
 









































Table 4-1. Strain energy density comparison in different cycles 
 Total strain energy density (MJ/M3) 
Loading Scenario Mean value Half-life 1/3 life 
ED-200 MPa 2.46 2.02 2.43 
ED-180 MPa 0.72 0.65 0.68 
ED-140 MPa 0.26 0.24 0.25 
RD-200 MPa 8.60 8.39 8.81 
RD-180 MPa 4.14 3.78 4.11 
RD-140 MPa 0.65 0.59 0.61 
 
4.5.2 ESED Modification Accounting for Mean Stress Effect 
From the early works of Ellyin and his co-workers [1,2], energy-based fatigue models have 
been used to predict the fatigue life of a variety of materials [3,4]. These models are based upon 
the fact that fatigue is the process of strain energy dissipation in the microstructure, through plastic 
strain accommodation. This dissipated strain energy can be quantified by measuring the area inside 
a stabilized cyclic hysteresis loop. Nonetheless, in the HCF regime close to fatigue endurance 
where in material behaves elastically, plastic strain energy’s contribution to total fatigue damage 
is minimal; thus, energy resulting from the reversible portion of deformation, i.e., tensile (positive) 
elastic strain energy density, should be taken into account. On the other hand, the inclusion of 
tensile elastic energy density in the total strain energy density is justified as a means of considering 
the mean stress effects on fatigue life. Therefore, a proper definition for the positive ESED is 
crucial to reliably assess the fatigue life of components under cyclic loading.  
In recent years, the strain energy density approach has been employed by many researchers to 
model the fatigue of Mg alloys, among other materials [108,109]. In all these investigations, it has 
been shown that the TSED consisting of plastic and tensile (positive) elastic parts yields good 
correlation between predicted and experimental lives. While the plastic strain energy density term 
was unanimously defined as the area inside a stabilized hysteresis loop, various definitions of 
positive the ESED were applied by different researchers. This variation indicates a challenge in 
defining the ESED term in such a way that it can be applied, with reasonable accuracy, to Mg 











 Eq. 4-4 
In order to evaluate the accuracy of this definition against the mean stress effects on ZK60 
extrusion, ED samples were subjected to different load ratios, ranging from Rσ=-0.5 to Rσ =0.5. 
Following the same approach described in section 4.4.2, the fully reversed strain-controlled tests 
along ED were employed to tune the model, and then the calculated JV parameters were used to 
correlate the life in all conditions. Figure 4-20 depicts experimentally obtained lives against JV 
predictions, in which ε and σ subscripts indicates strain- and stress-controlled tests, respectively. 
In each plot, solid, dash and dash-dot diagonal lines represent perfect match, 2x and 3x error 
bounds, respectively, between predicted and experimental lives. The ESED current definition 
excessively underpredicts samples’ life under tensile mean stress. The largest discrepancy is seen 
for predictions at 𝑅𝜎 = 0.5, where lack of a good correlation with experimental results is evident. 
The observed inaccuracy is ascribed to the damage over-prediction by the ESED current definition.  
 

























In order to adjust the elastic-induced-damage, it is proposed to reformulate the positive strain 





 Eq. 4-5 
where 𝜎𝑎 is the stress amplitude, and 𝜎𝑚𝑒𝑎𝑛 is the mean stress. The graphical interpretation of the 
proposed formulation, Eq. 4-5, is illustrated in Figure 4-21, for an experimental stabilized 
hysteresis loop tested at 𝑅𝜎 > 0. The area corresponding to the Ellyin’s definition is also shown 
for comparison. As is observed, more fatigue damage is predicted by Eq. 4-4, which was found to 
be overestimation. 
 
Figure 4-21. Schematic illustration of Ellyin’s and proposed definition for positive elastic energy 
density  
The fatigue lives were predicted by employing the new ESED definition, and the result are 
illustrated in Figure 4-22. The majority of predictions are within the 3x error bounds, with most of 
them in the 2x error bounds. According to the results, the proposed definition (Eq. 4-5) yields 
















Figure 4-22. The experimental life vs. the life predicted by JV using the ESED new definition 
4.6 Summary 
The anisotropic fatigue behavior of ZK60 extrusion Mg alloy is investigated through fully 
reversed stress-control tests over a wide range of stress amplitudes along two different material 
directions: extrusion (ED) and radial (RD) directions. The in-plane random texture along RD 
promotes activation of twinning/detwinning deformations in both tension and compression 
reversals, which brings about a sigmoidal but near-symmetric shape for hysteresis loops along this 
direction. The stress-strain response along ED is asymmetric in tension and compression reversals 
if subjected to stress amplitudes of 𝜎𝑎 > 140 MPa. The asymmetry is attributed to different 
deformation mechanisms being active in the tension and compression reversals. Overall, loading 
along ED yields superior fatigue performance compared to RD. Fatigue strengths of 115 MPa and 
87 MPa are obtained at 106 cycles based on the staircase statistical method for ED and RD, 
respectively. The effects of loading sequence and ratcheting strain on the fatigue response of the 
material are investigated. Lastly, one set of Jahed-Varvani (JV) coefficients extracted from strain-
controlled tests is employed to model the anisotropic stress-control fatigue response of the 

























fatigue behavior of wrought Mg alloys. However, a better life-correlation is achieved by 





















Notches are inevitable in many components and structures due to design limitations. In 
addition, they are the locations for stress concentration and are susceptible to fatigue failure. As a 
result, the fatigue response at a notch is of key importance. This chapter investigates notch effects 
on the fatigue behavior of ZK60 extrusion.  
5.1 Material and Specimens 
For the design of notched specimens in this study, the following restrictions were considered: 
1. Raw material availability: The specimens must be machined from a cylindrical billet with 
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127 mm diameter. 
2. Grip size: A minimum grip section is required to ensure no slippage at the grips. 
3. Loading: As the specimen undergoes compression as well as tension in cyclic loading, 
both the buckling and yield loads of the designed specimen should be checked. 
4. Strain measurement techniques: The digital image correlation (DIC) field of view should 
be considered a limitation in the specimen design. 
5. Stress concentration: According to the literature, notch sensitivity will rise by increasing 
Kt in ZK60 [89], and the gap between Kt and Kf is more pronounced for Kt values greater 
than 2 for Mg alloys [82]. As a result, the minimum desired Kt was set as 2.5. 
Accounting for these limitations, a center hole notch was selected as the sample’s geometry, 
imposing a 2.5 theoretical stress concentration factor (Figure 5-1).  
 
Figure 5-1. Cyclic notched samples (All dimensions are in mm) 
 











Based on the cylindrical coordination system, schematically depicted in Figure 5-2, the 
samples were CNC machined from the billet. ED and RD denote two perpendicular directions, the 
extrusion and radial directions, respectively.  
5.2 Experimental Procedures 
The specimen was loaded using the MTS 810 servo-hydraulic test-rig with 50 kN load 
capacity. All tests were run at ambient temperature under fully reversed stress-controlled condition 
with the nominal stress amplitude (𝜎𝑛) taken as the controlling parameter, determined by Eq.1 and 
ranging from 100 to 220 MPa. The test frequency was chosen to be between 0.1 and 10 Hz as a 
function of the stress amplitude, to ensure minimal difference between the command and the 
feedback of the imposed sinusoidal loading. Full separation of samples was considered as failure. 
At least two samples were tested at each stress amplitude to guarantee the results’ reproducibility. 
The fatigue strength was calculated in accordance with the staircase statistical procedure at 106 
cycles, as elaborated in the ISO-12107 standard [28]. The initiation and propagation of fatigue 
cracks were captured using a DIC system. The DIC system utilized in this research was the 
ARAMIS 3D with 5-megapixel resolution and a frame rate of 15 fps. The cameras were set up 
such that the sample wall thickness at the notch root, where crack initiation is expected, was 
captured in the right and left images (Figure 5-3). The cycle in which a crack was first detected at 
the notch root was recorded as the fatigue crack initiation pint. Subsequent to failure, the fracture 
surfaces were examined by means of a scanning electron microscope (SEM).  
  
Figure 5-3. Detection of crack initiation and propagation on both sides of a notched sample by using 








In the present study, fully reversed stress-control tests on center-hole notched samples were 
performed along radial (RD) and extrusion (ED) directions in order to investigate the effect of the 
loading direction on the notch sensitivity of the ZK60 extrusion. In addition to studying the local 
concentrated stress as a function of the cycles to failure, the crack initiation cycle was identified 
via visually tracking the lifetime of the samples, then plotted as the stress-life curves for both 
directions. The fatigue stress concentration factor and notch sensitivity were assessed over the life 
cycles. 
5.3.1 Stress-life Behavior 
Figure 5-4 illustrates the stress-life curves of notched specimens along ED and RD; the run-
out tests are denoted by arrows. The observed anisotropic fatigue behavior of ED samples, showing 
superior fatigue performance, resembles the stress-life curve of un-notched specimens (Figure 
4-10). These results can be explained by the key role of the plastic-induced-damage in the stress-
controlled tests discussed in Chapter 4. Changing the failure criterion from final rapture to crack 
initiation results in similar anisotropic fatigue behavior, i.e., crack nucleation happens earlier in 
RD compared to ED under the same stress amplitudes (Figure 5-5). 
 





































Figure 5-5. Stress vs. crack initiation life for notched samples along ED and RD  
5.3.2 Notch Sensitivity 
In order to evaluate the notch sensitivity, the fatigue strength for notched samples should be 
quantified first. To find the fatigue strength, the notched samples were tested sequentially by 
following the staircase method [28]. The results are tabulated in Table 5-1 and Table 5-2 for ED 
and RD, respectively. X denotes failed samples, whereas O indicates the surviving ones, and 
starred tests were not included in the calculation process. Table 5-3 lists the fatigue strengths of 
the material accompanied by the parameters of the staircase procedure calculated in both 
orientations. At 106 cycles, the fatigue strengths are 53 MPa and 46 MPa for the ED and RD 
samples, respectively.  
Table 5-1. Sequential tests to obtain fatigue strength along ED 
 
 





  1 2 3 4 5 6 7 8 9 
150 60       X   X         
140 56     O   O   X   X   
130 52   O           O   O 




































Table 5-2. Sequential tests to obtain fatigue strength along RD 
 





  1 2 3 4 5 6 7 8 9 
130 52           X       X 
120 48     X   O   O   O   
110 44   O   O       O     
100 40 *O                   
Table 5-3. Fatigue strength along two directions based on the staircase method 
 ED RD 
Fatigue Strength (MPa) 53 46 
No. of Tested Samples 9 9 




By substituting the fatigue strength of notched and un-noticed samples into Eq. 2-10, one can 
calculate the Kf. Subsequently, the notch sensitivity (q) at 10
6 cycles can be found by employing 
Eq. 2-11. In comparison with ED, the sensitivity to the notch presence along RD is significantly 
lower, by 24 %. However, in both orientations, the detrimental effect of the notch is obvious.  
Table 5-4. Notch parameters for ED and RD 
 ED RD 
Fatigue stress concentration factor (Kf) 2.25 1.90 
Notch sensitivity (q) 83 % 59 % 
5.4 Discussion 
The significant difference between the notch sensitivity of the material along ED and RD 
necessitates further investigations into the variation of this parameter as a function of life. Figure 
5-6 shows the power functions fitted to S-N curves of the smooth and notched samples. By 
substituting the smooth and notch stresses in the Kf definition with their regression functions, Kf 









where A and B are the smooth samples’ constants, and A′ and B′ are dedicated to the notched 
samples. All the expressed parameters are calculated by linear regression. The Figure 5-7 and 
Figure 5-8 plot the variation of Kf and q with the number of cycles, respectively. The deviation 
between ED and RD for both graphs starts in LCF and escalates with increasing life. 
 
Figure 5-6. S-N curves for ED and RD notched and smooth samples with fitted power functions in 
semi-log scale 
In LCF, notch sensitivity is diminished significantly for both material’s directions, which can 
be attributed to two main factors: 
1. Within the LCF, stress is quite high, which makes kt impractical for stress/strain assessment 
[30]. Figure 2-3 shows that elevating the stress at the notch beyond the yield of the material 
decreases stress concentration factor. Therefore, the difference between the nominal and 





































2. According to the literature, BTGs may be formed due to twining-detwinning activation in 
LCF [37,80,110]. BTGs induce beneficial residual compressive strain/stress in the 
unloading reversals, along with more-scattered energy dissipation via remapping the strain 
field adjacent to the notch. As a result, they increase life and decrease notch sensitivity 
[88]. This phenomenon is likely to be more pronounced for ED due to its intensive basal 
texture and higher chance of twining-detwinning activation. 
 
Figure 5-7. Evolution of fatigue stress concentration (Kf) over number of cycles 
 












































































The notch sensitivity identified at 106 cycles for ED (q=83%) is in line with that in previous 
investigations on wrought Mg alloys which reported q in the range of 80% to 100 % along the 
forming direction [85,88,89]. However, RD exhibits noteworthy lower notch sensitivity even in 
HCF. There is some potential hypothesis for the observed direction-dependency of the notch 
sensitivity in ZK60 extrusion: 
1. The anisotropic nature of wrought alloys’ mechanical properties, extensively explored in 
previous chapters, can affect notch sensitivity in two distinct ways. First, the stress/strain 
response in the vicinity of the notch can be redistributed in such a way that the maximum 
stress/strain location rotates from the root to other regions on the notch. Second, the new 
maximum stress/strain spot does not necessarily possess the same strength as the root. 
Conclusively, the strength, in conjunction with the maximum stress/strain location, both 
highly sensitive to a material’s direction, should be considered simultaneously in the notch 
analysis of the anisotropic materials. Figure 5-9 exemplifies the case in which crack is not 
initiated at the root of the notch. 
2. It is generally found that increasing the strength of the alloy boosts notch sensitivity [111]. 
Such behavior is attributed to “crackless plasticity”, in which stronger alloys have a greater 
capacity for small plastic flow, imposing concentrated work-hardening at the notch and 
consequently makes them more notch sensitive [112].  
 





The effect of a material’s orientation on the fatigue response of notched ZK60 extrusion was 
investigated via fully reversed stress-controlled experiments in the extrusion (ED) and radial 
directions (RD). The anisotropy observed in the stress-life curves of the notched ED and RD 
samples resembles the stress-controlled fatigue performance of the smooth samples. This 
observation is attributed to the higher strength of ED specimens, which imposes less plastic-
induced-damage in the stress-controlled fatigue experiments. The ED specimens exhibit not only 
superior fatigue performance but also higher notch sensitivity (q=83%) whereas loading along RD 












Chapter 6 : Conclusions and Future Works 
 
 




This chapter summarizes the conclusions and main findings of the thesis and presents possible 
directions for future studies. 
6.1 Conclusions 
From the results and discussions presented in this research, the following conclusions can be 
drawn: 
1. The extruded alloy exhibited a sharp basal texture in the microstructure such that the 
hexagonal crystals were randomly orientated with their c-axes being perpendicular to 
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the extrusion direction. 
2. The quasi-static behavior of ZK60 extrusion depends on the material’s direction in the 
light of the developed texture. Indeed, while the static behavior along ED was 
asymmetric in tension and compression, RD and 45 samples exhibited symmetric 
behaviors. 
3. In spite of different quasi-static behaviors along the different directions, the strain-
controlled cyclic behavior in the LCF regime was not sensitive to the direction. 
However, the behaviors in the HCF regime were distinct. 
4. JV, as an energy-based model, provides acceptable fatigue life predictions for ZK60 
extrusion with anisotropic behavior. The model, calibrated using strain-controlled test 
results, is capable to explain the anisotropic fatigue behavior under stress-control 
condition. 
5. Sigmoidal hysteresis loops with preserved symmetry were observed along RD under 
high-stress amplitudes because the twinning/detwinning deformations are active in both 
tension and compression reversals for stress-controlled tests. 
6. Due to the sharp basal texture, loading along ED yields asymmetric hysteresis response 
accompanied by considerable cyclic hardening when stress is high enough to activate 
twinning/detwinning deformations.  
7. In contrast to strain-controlled conditions, the material along ED exhibits superior 
fatigue performance superior to RD in stress-controlled experiments, due to ED’s higher 
strength and consequently smaller hysteresis loops. 
8. The limited investigations within the scope of this study suggest that 1/3 of life is more 
appropriate for damage calculation in stress-controlled tests, compared to the half-life 
cycle. 
9. The proposed definition of ESED performs better compared to Ellyin’s in term of life 
correlation of the fatigue tests with positive mean stress.  
10. The fatigue performance of the notched ED samples is superior to that of the RD over a 
wide range of stress levels. The difference can be ascribed to the higher strength of ED, 
as strength dominates the plastic damage accumulated in the stress-controlled fatigue 
history of the alloy. Similar to final rupture, crack initiation occurs later in ED compared 
to in RD notched samples. 
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11. The difference between the notched fatigue behavior of RD and ED samples, in terms 
of concentration factor (Kf) and notch sensitivity (q), rises with by increasing number 
of cycles. 
12. The low notch sensitivity of the material in LCF is attributed to the root and nominal 
stresses convergence in that highly-stressed region. 
13. The noteworthy lower notch sensitivity of RD against ED may be related to the lower 
strength of the material in ED compared to RD. However, this finding accentuates the 
need of further exploration to determine probable microstructure correlations. 
6.2 Future Works 
The following future works are suggested, based on the findings of this thesis: 
1. This study showed the auspicious capability of energy-based fatigue models to correlate 
the anisotropic fatigue-life of Mg alloys. These models rely on the strain-stress 
hysteresis response of the material, which is yet captured via experiment. In the case of 
complex loading, e.g. variable amplitude loading, the material’s response quantification 
can become highly intricate and time-consuming. As a result, a phenomenological 
model, developed to predict the stress-controlled hysteresis loops as a substitute for 
laborious experimental work, will accelerate the overall life-calculation process and 
contribute to the industrial application of Mg alloys.  
2. The intense anisotropy observed in the fatigue behavior of the ZK60 notched specimen 
necessitates further investigation, including strain-field assessments to discover the 
roots of discrepancies. To that intent, DIC, as an advanced and well-established strain 
measurement technique, is suggested. 
3. The merit of the proposed JV model modification should be further verified 
under other types of loading, for instance, variable-amplitude, step, and 
multiaxial loadings. 
4. Notch effects, as energy-derived phenomena, could be taken into account 
through energy-based fatigue models. The new model could be tuned via 
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